Minority-carrier lifetime in InP is studied as a function of doping level and laser intensity using timtresolved photoluminescence. A continuous wave diode laser illuminates bulk 1nP and acts as a light bias, injecting a steady-state concentration of carriers. A 200 ps laser pulse produces a small transient signal on top of the steady-state luminescence, allowing lifetime to be measured directly as a function of incident intensity. For plnP, lifetime increases with light bias up to a maximum value. Bulk recombination centers are presumably filled to saturation, allowing minority carriers to live longer.
INTRODUCTION
Measurement of minority-carrier lifetime (T is important for the design of photovoltaic devices. InP is a promising semiconductor for space solar cells but re!atively few measurements of its minority-caaier properties have been reported 111. Measured efficiencies of InP n/p solar cells are si nificantty lower than expected from theoretical models f2], suggesting that the materials properties deteriorate during processing. A better understanding of the mechanisms controlling in InP is needed.
Minority-carrier lifetime is influenced by radiative and non-radiative recombination mechanisms [3, 4] . A separate lifetime is associated with each mechanism, and Ttotd is calculated as the inverse sum of the reciprocal lifetimes. The radiative lifetime is expressed as 4 is the photon recycling factor (self-absorption and reemission of light), which can greatly enhance m [5] . For defect-free, direct bandgap material, the lifetime may be limited by radiative recombination.
Cell efficiency can be adversely affected by chemical and structural defects such as impurity atoms and t National Research Council Postdoctoral Associate. dislocations, which create energy levels in the forbidden ap and increase non-radiative, or Shockley-ReadHall fSRH), recombination. Free surfaces create surface states which act similarly. SRH lifetime is expressed as For direct bandgap semiconductors such as InP, the most common technique for determining minority-carrier lifetime is time-resolved photoluminescence (PL). Following excitation of the material with a short laser pulse, the transient PL decay is recorded. At low injection, the signal should follow a single exponential decay. However, lifetime varies with carrier concentration, thus complicating evaluation of the transient signal a t higher injection (An LN) [3] . In this work, a unique experimental design simplifies the often complex interp!etation of transient luminescence by probing T a t specific levels of carrier con- Fig. 2 , has been described previously [7] . Continuous wave (CW) diode laser light a t 830 n m passes through an optical fiber multiplexer be- [8] . The fit is accurate t o & 5%. Fig. 3 shows PL decay curves corresponding to three levels of CW light bias for InP:Zn a t 2 . 6~1 0~~c m -~.
The fit t o each set o f data uses t h e value of T shown in the figure. In general, t h e experimental apparatus is easy t o use and allows for fairly rapid throughput o f samples.
LIFETIME RESULTS FOR P-InP
Minority carrier lifetime is significantly shorter in pInP than n-lnP a t comparable doping levels. With n o light bias, the measured lifetime varies from around 10 ns to under 0.5 ns (the limit o f t h e system resolution) for p-doping between 1 . 8~1 0~~ and 4~1 0~~c m -~.
As CW light bias is added, the lifetime increases up t o a maximum value, as shown in Figs. 4a and 4b for Zn-and Cd-doped InP. SRH sites are presumably filled t o saturation, allowing minority carriers t o live longer. The saturation value represents a 6-fold increase over t h e zero-bias lifetime for the four samples exhibiting light bias effects. Even a t saturation, however, T remains significantly below t h e low-injection radiative limit. Fig . 5 shows a plot of T,;~ and ~~~j as derived from the data. The data are consistant with previous results [7] . The ratio o f majority to minority-carrier lifetime varies from 4 t o 6.5 for the samples tested. Fig. 6b . The Sn-doped InP cannot be directly compared t o InP:S, but its behavior is similar. The measured zero-bias lifetime lies above or near the radiative limit for these n-lnP samples, suggesting that the limiting minority-carrier decay mechanism is radiative rather than SRH recombination. The decrease in l i f e t i m e with increasing light bias further supports such a premise since radiative lifetime goes as l/B(N+An).
LIFETIME RESULTS FOR N-InP
Photon recycling, previously identified as a contributing factor to long lifetimes [5] , also appears to influence these 
results. A comparison o f the d a t a (both zero-bias and
maximum observed values) and the low injection radiative lifetime is shown in I-ig. 7 . Assuming the InP B coefficient equals the GaAs value o f 2~1 0 -~' cm3/s, every sample is indeed above t h e radiative limit. A recent experiment determined t h a t , for InP, B 2 6 x cm3/s [9] , thus raising TR by a factor o f three. Again, all but t h e lowest doped wafer still exceed t h e radiative limit. A fit o f the three d a t a points from t h e highest doped samples, shown in Fig. 7 , gives a slope essentially parallel to t h e radiative lifetime. The offsset indicates a photon recycling factor of 4=4.2 (or 4=14 for B=2x 10-l' cm3/s). This represents a lower bound on 4 since other recombination mechanisms may exist which lower the lifetime.
While radiative recombination appears t o b e a primary mechanism for decay o f holes in n-lnP, SRH recombination also influences the decay process. In Fig.  6a , measured lifetimes for the three InP:S wafers follow essentially t h e same curve with increasing light bias, even though their doping varies by an order o f magnitude. Likewise, the relatively f l a t trend o f t h e data below 1018cm-3 in Fig. 7 suggests that SRH recombination limits t i n this regime, since radiative lifetimes scale with doping. These experimental results are consistant with other studies [7, 8, 10] , where moderately doped n-lnP lifetimes lie around 300 ns with scatter o f & l o 0 ns.
The most telling evidence of SRH influence on lifetime is the initial increase in 7 with light bias. 
